Optical properties of colloidal semiconductor quantum dots (QDs), arising from quantum mechanical confinement of charge, present a versatile testbed for the study of how high electric fields affect the electronic structure of nanostructured solids. Studies of quasi-DC electric field modulation of QD properties have been limited by electrostatic breakdown processes under high externally applied electric fields, which have restricted the range of modulation of QD properties. In contrast, here we drive CdSe− CdS core−shell QD films with high-field THz-frequency electromagnetic pulses whose duration is only a few picoseconds. Surprisingly, in response to the THz excitation, we observe QD luminescence even in the absence of an external charge source. Our experiments show that QD luminescence is associated with a remarkably high and rapid modulation of the QD bandgap, which changes by more than 0.5 eV (corresponding to 25% of the unperturbed bandgap energy). We show that these colossal energy shifts can be explained by the quantum confined Stark effect even though we are far outside the regime of small field-induced shifts in electronic energy levels. Our results demonstrate a route to extreme modulation of material properties and to a compact, high-bandwidth THz detector that operates at room temperature.
Q uantum confinement of charge in QDs is responsible for their tunable electronic and optical properties, 1 which have facilitated the development of QD-based photovoltaics, photodetectors, and light-emitting devices (LEDs). QDs can be actively manipulated with externally applied electric fields, 2−5 providing routes to a new class of multifunctional photonic devices with controllable optical properties. The extent to which those properties can be controlled with extremely large external fields is still largely unexplored, in part because of dielectric breakdown that occurs under quasi-DC fields typically in the 1−10 MV/cm range.
Recent studies demonstrated nonequilibrium responses of material properties driven by intense THz-frequency radiation, including solid−solid phase transitions, 6 impact ionization, 7−9 and field ionization. 10 In many cases, free-space THz field levels that can reach about 1 MV/cm when focused have been enhanced by concentrating THz radiation into subwavelength metallic structures such as split ring resonators and antennas, 6,10−12 allowing access to multi-MV/cm field strengths for nonlinear THz spectroscopy applications. Damage that appears to be dielectric breakdown can be induced by such fields, 13 but the threshold is generally higher than that for quasi-DC fields.
Through the quantum confined stark effect (QCSE), Hoffman et al. previously demonstrated the modulation QD optical absorption using free-space THz electric fields reaching 220 kV/cm suggesting a new method for coherent THz-tooptical detection encoding. 5 Inspired by their work, we applied field enhancement techniques to study the manipulation of QD film optical properties on a picosecond time scale. The results provide fundamental insight into strong-field effects on QD electronic responses and demonstrate, as suggested by Hoffman et al., a pathway to optimize the interaction of THz frequency low switching fields for electro-optic modulation. Moreover we show that enhanced THz electric fields are capable of driving a luminescent response at visible light wavelengths via interdot charge transfer.
To concentrate the incident THz radiation, we use a simple field enhancement structure (FES) design, a metal microslit array on a SiO 2 substrate, consisting of parallel gold lines with 98 μm widths, separated by 2 μm capacitive gaps. This FES offers field enhancement factors intermediate between dipole antennas and nanoslit arrays. 14−16 A THz field polarized perpendicular to the gold lines ( Figure 1a ) is directed onto the microslit array ( Figure 1b ) and undergoes enhancement of up to 2 orders of magnitude (discussed further below) in the capacitive gaps. QDs deposited over the microslit array are therefore subjected to the enhanced THz field levels. Two samples were tested: sample I consists of QDs on top of bare gold microslits, and sample II has QDs on top of a 65 ± 15 nm silica layer that electrically insulates the QDs from the gold microslits. (See Supporting Information for details of the experimental apparatus and samples.) Figure 1c shows a visible light image of THz-driven luminescence (THz-L) originating from QDs within the FES gaps of sample II. The inset shows an enlargement of a single gap, indicating that THz-L is enhanced in the vicinity of the gaps. Figure 2 shows the spectral and kinetic characteristics of the THz-L along with photoluminescence (PL) induced by 400 nm wavelength light. The THz-L central wavelength is 620 nm (2.0 eV photon energy; see Figure 2a ). Depending on the incident peak field strength, the THz-L spectra fwhm are broadened by as much as 16 meV and red-shifted up to 12 meV relative to the PL spectrum ( Figure 2a ). The time-dependent PL from both samples could be fit to a monoexponential decay with a 15 ns lifetime ( Figure 2b ). In contrast, the THz-L emission at all incident field strengths exhibits multiexponential decay with shorter lifetime components than those observed in the PL decay. We ascribe this difference to QD charging under THz excitation. Excitons in charged QDs have additional nonradiative pathways, such as Auger recombination, which can reduce the observed radiative lifetime. 2, 17 The presence of local electric fields due to QD charging would also explain the observed red-shift and broadening of the THz-L spectra.
Exciton formation in QD-LEDs driven by DC and quasi-DC electric fields requires long-range transport of electrons and holes. Given the picosecond period of a THz pulse and the low charge carrier mobility of QD films [10 −4 to 1 cm 2 /(V s)], the long-range transport of electrons and holes across a microslit gap is unlikely. 18−20 With our largest incident THz field strength of 320 kV/cm, the peak field across most of the gap region is approximately 2 MV/cm. (As discussed below, the peak field near the edges of the gaps, from where the THz-L emerges, reaches approximately 15 MV/cm, but charge transport across the gap would depend on the field strength in the center.) With a mobility of 1 cm 2 /(V s) and a 2 MV/cm electric field, a 1 ps charge could travel a distance of 20 nm, a negligible fraction of the microslit gap width. Due to the limitations imposed by the RC delay in a typical electrically driven capacitive QD-LED structure, earlier a.c.-driven luminescence measurements have been limited to frequencies up to 1 MHz, which is slow enough to allow charge migration between electrodes. 21−24 It is clear that this cannot happen in THz-L. However, even in the absence of long-range migration, an electrode-driven mechanism for THz-L is possible 25−27 in which the alternate polarities of an a.c. field could inject electrons and holes into the conduction and valence bands (CB and VB) respectively of a QD located next to one electrode. The PL spectrum (blue curve) generated by λ = 400 nm excitation wavelength is centered at 2.0 eV. The THz-driven luminescence spectrum is broadened relative to the λ = 400 nm excited spectrum. (Inset) The peak wavelength of THz-driven THz-L emission is redshifted by as much as 12 meV at the highest incident THz peak field compared to PL emission. (b) Following excitation of the sample with λ = 400 nm pulses, the time-dependent photoluminescence follows a single exponential decay with a 15 ns lifetime. Excitation with 320 kV/ cm or 130 kV/cm peak incident THz field generates luminescence with a faster multiexponential decay. Alternatively, a purely field-driven 24,28,29 mechanism, based on local QD-to-QD charge exchange, could occur. When the voltage drop between neighboring QDs is equal to or greater than the QD band gap, VB electrons can tunnel into the CBs of neighboring QDs leading to a population of electrons and holes which when paired in a QD lead to exciton formation and luminescence. To explore the likelihood of these mechanisms we next analyze the THz-field-dependent luminescence intensity.
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The THz-L intensity is a strongly nonlinear function of the peak incident THz field strength (Figure 3a ). Below a threshold field level F th of 85 ± 5 kV/cm for sample I and 180 ± 7 kV/cm for sample II, no emission occurs. The THz-L signals near F th are assumed to originate from QDs residing in regions with the strongest field enhancement and for sample II the threshold is predicted to be larger as the QDs are further separated from the gold microslit surface due to the added silica layer. We modeled the spatial variation of the THz electric field in the microslit structures, using Computer Simulation Technology (CST) microwave studio. 30 Based on the peak time-dependent field values, we calculated the field enhancement factor β as a function of the lateral position x within or near a gap (x is also the incident field polarization direction), and the height z above the SiO 2 substrate (Figure 3b ). For a given height, z, above the substrate, the change in electric potential ΔV along x from one gold surface toward the other is computed as
THz film (1) for an incident THz electric field with peak amplitude F THz .
Since the THz field is polarized along the x-direction, we neglect polarization components along z. We use a dielectric constant ε film = 3.0 for the QD film, based on the Maxwell−-Garnett effective medium approximation from previous work on CdSe−CdS QD films. 4, 24 We assume that the adjacent center-to-center distance of neighboring QDs is 10 nm, based on TEM images (shown in Supporting Information). The largest calculated voltage drop occurs between QD neighbors situated as close as possible to one of the gold electrodes and the oxide substrate, as shown for sample I in Figure 3d . For these locations the voltage drop along the x-direction as a function of incident peak THz field is shown in Figure 3c . Assuming the field-driven model of exciton generation ( Figure  3d ), F th is reached when the voltage drop between the neighboring QDs equals the QD bandgap energy (2.0 eV) divided by the electron charge. The simulated F th values are 86 kV/cm and 186 kV/cm for samples I and II, respectively, in Due to the different THz field amplitudes in the two polarities, at each electrode more carriers of one type than the other will be injected. (f) Using the Fowler−Nordheim model, the number of injected electrons and holes at the inner face of one side of a slit are computed (by symmetry the opposite side will give the same result with electrons and holes reversed). Since exciton generation requires both electrons and holes, the threshold for THz-L will be determined by the higher of the two thresholds for charge injection (holes for one side, electrons for the other). The onset of THz-L is predicted to begin at 219 kV/cm which is much higher than the experimental result for sample I. agreement with the experimental values of 85 ± 5 kV/cm and 180 ± 7 kV/cm, respectively. We note that, in sample I, electrode-driven carrier injection into the QD film is possible in which case the onset of THz-L would occur when carriers begin tunneling into the QD layer from the gold microslits (Figure 3e ). Here we compare our results to the Fowler−Nordheim charge tunneling model used in previous works concerning charge injection into low-mobility semiconductors and THz-driven field emission from gold microstructures. 10, 31, 32 Charges injected into low-mobility semiconducting materials localize at the interface and backflow into the source of the carriers due to thermionic emission, resulting in a net low interfacial current density. Although the enhanced THz field can be strong, the picosecond oscillation period limits the total number of carriers that can be injected per pulse. The Fowler−Nordheim equation for interfacial current density is where a = 1.53 × 10 −6 A·eV·V −2 and b = 6.83 × 10 9 eV −3/2 ·V/ m are combinations of universal constants. 33 The average field enhancement nearest to the surfaces of the gold microslits residing within the gaps is β = 106. The barrier that electrons or holes must overcome to be injected into the QD film is φ, which can take on a range of values depending on the nature of the QD/gold interface. We assume that the Fermi level of the gold microslits lies in the middle of the QD band gap, giving an estimated barrier of 1.0 eV for electrons and holes. Due to the time-dependent THz electric field asymmetry with respect to the troughs and peaks of the field (Figure 3e ), there are different field dependencies for electrons and holes on both sides of a gap. Thus, on one side of a gap, more electrons will be injected than holes, and on the opposite side, more holes will be injected than electrons. Integrating J FN over the THz field temporal profile and the slit surface area gives the number of electrons or holes injected within a slit gap for a given peak incident THz field (Figure 3f ; see Supporting Information for details on calculations). One electron−hole pair is required to form an exciton, so the threshold incident peak field is predicted to be 219 kV/cm, which is significantly higher than the experimental result for sample I. We therefore conclude that THz-L is, at least at lower incident THz field amplitudes, primarily due to field-driven QD−QD interactions in both samples. At the highest incident THz field amplitudes, regions of the QD layer can experience electric fields as large as 15 MV/cm on the picosecond time scale. This can have a significant impact on the optical absorption properties due to the QCSE in which an electric field distorts the QD potential energy surface leading to a band gap reduction (Figure 4a ). To probe this electroabsorption effect, femtosecond optical pulses with photon energies between 1.45 and 1.8 eV (below the QD bandgap of 2.0 eV) were spatiotemporally overlapped with the THz pulses on the microslit structures.
The optical pulses induce no detectable PL by themselves or when they arrive before or after THz pulses. However, when an optical pulse (with either polarization) is time-coincident with a peak of the THz field, it induces emission, as expected with between the optical pulse and the THz field peak. The PL intensity generated by the below-bandgap optical photons roughly tracks the absolute value of the THz field. (c) Optical pulse delay is set to 0, and the peak THz field is varied from 0 to 320 kV/cm. When the pump photon energy (indicated by numerals corresponding to spectra in d is increased, the threshold THz field required to generate a PL signal is decreased. At these threshold THz fields, the effective band gap of the QDs has been lowered to equal the optical pulse photon energy. (d) THz field-induced Stark shifting of QDs. (right) The optical pump pulse spectra with the photon energy plotted on the y-axis. (left) As the THz field strength is increased, optical pulses with lower photon energy are absorbed and generate PL. The points indicate the threshold field levels (from c) at which the band gap is lowered to an energy equal to the optical photon energy. For a 100 kV/cm incident THz field, the band gap is Stark-shifted by >0.5 eV. THz-field-induced electroabsorption. Notably, as the optical pulse is variably delayed across the THz pulse field temporal profile, it generates a PL signal whose intensity approximately tracks the absolute magnitude of the THz field (Figure 4b ) which is consistent with Hoffmann et al.'s previously demonstrated THz-field-induced electroabsorption experiments performed on InGaAs/GaAs QDs. 5 For the data in Figure 4c , we fixed the optical excitation pulses at zero delay (relative to the THz field peak) and varied the THz field amplitude to determine the F th value for electroabsorption. The measurement was repeated for different incident optical pump photon energies. As the optical pump photon energy was increased, F th was reduced, again consistent with THz-fieldinduced electroabsorption. At each threshold field level, the QD band gap energy is reduced from its field-free value to the optical pump photon energy (Figure 4d ). For a 100 kV/cm incident THz field (near the onset of THz-L), the band gap is reduced by more than 0.5 eV which is an order of magnitude larger than previously demonstrated giant Stark effect measurements of QDs. 3 At higher incident fields the QD band gap is likely reduced further, but the overlap of electroabsorptionenhanced luminescence with purely THz-driven luminescence signals complicates quantitative determination of the additional bandgap reduction. This work demonstrates that ultrafast THz pulses can drive a luminescence response in a colloidal QD film. While electrodedriven charge injection and purely field-driven mechanisms can both contribute to THz-L, our results indicate that the fielddriven mechanism dominates even when charge injection is possible. THz-L is driven by direct field-induced distortion of the QD electronic structure. We observe a modulation of the QD bandgap of more than 0.5 eV, shifting the QD absorption across a significant part of the visible spectrum. The QD emission and spectral shifting driven by the THz field may be used as a novel approach to THz detection and imaging and for ultrahigh-frequency electro-optic modulation. 

